Introduction
Egg laying decisions are important factors influencing the co-existence of parasitoids and host (Heimpel, 2000) . Escape from parasitoids can be achieved via a variety of methods, e.g., by exploiting habitat heterogeneity or by dispersal (e.g., Hassell & Pacala, 1990; Comins & Hassell, 1996; Gandon et al., 1998; Hochberg & Ives, 2000) . However, the potential of the parasitoid to exploit the host also depends on its own behaviour. Attack rates may be independent of host density due to constrained search and/or oviposition patterns of the parasitoid. For example, handling time rather than host abundance can constrain egg deposition (Papaj & Alonso-Pimentel, 1997) . For gall forming species, large galls signal many hosts (larvae) but the physical nature of large galls may increase handling time, or may even prevent parasitoids from reaching the larvae inside. The ability of the parasitoid to locate and parasitise galls thus not only affects the persistence of the host but also the selection for gall size (Zwölfer & ArnoldRinehart, 1994; Abrahamson & Weis, 1997) .
The oligophagous ectoparasitoid Eurytoma robusta Mayr (Hymenoptera, Eurytomidae) is a parasitoid of larvae of the thistle galling tephritid fly Urophora cardui L. (Diptera, Tephritidae) (Eber & Brandl, 1994) . The population structure of U. cardui is characterised by extinctioncolonisation dynamics, i.e., a meta-population structure (Zwölfer, 1979; Seitz & Komma, 1984; Eber & Brandl, 1994 . Eber & Brandl (1994) found that local population fluctuations of U. cardui were caused by two primary factors: weather and predation by parasitoids. Parasitism rates of up to 100% were observed in small populations of U. cardui. The parasitoid E. robusta was the main predator. Three other parasitoids were of less importance, the second most common species of which, the endoparasitoid Eurytoma serratulae Latr., reached densities of up to 7% and the two remaining, ectoparasitoid species, never more than 1% (Eber & Brandl, 1994) . However, Zwölfer (1994 , in Freese & Zwölfer, 1996 found that in large populations the highest mortality occurred not during the larval period but among adults. In a long-term study Zwölfer (1979) reported an average of only 0.54 E. robusta per gall, indicating that U. cardui populations are not generally limited by the parasitoid. Thus, parasitism is only one aspect of U. cardui meta-population dynamics because mortality factors differ between larval and adult life-stages.
Despite the fact that the dynamics of the two species are only partly interactive, comparative population genetic studies of U. cardui and E. robusta suggest that the local colonisation of new patches by both species underlay stepping-stone dispersal processes, but that E. robusta was tracking its host. However, on large geographical scales, E. robusta populations became independent of one another and of the host (J. Johannesen and A. Seitz, in press ). The local pattern and that on the larger scale therefore suggest a more fluctuating nature of E. robusta 's population structure than that of its host, U. cardui .
To further understand the nature of the U. cardui-E. robusta relationship, oviposition decisions may give insight into how the species interact. The present study focuses on parasitism by E. robusta and its choice of U. cardui gall ( E. robusta seeks galls rather than the concealed larvae). In addition, we have addressed the relationship among U. cardui gall larvae. We studied E. robusta gall size preference and asked whether its larval distributions (oviposition patterns) changed relative to the level of parasitism. Finally, we report results from the monitoring of four populations over 4 years for fluctuations in parasitoid numbers.
Oviposition patterns of both species were inferred using indirect relatedness estimates of gall-members and by the distribution of larvae in galls estimated by direct count (emergence patterns). Relatedness analyses inferred whether gall-members originated from one female (R positive) or from several females (R zero or negative). An analysis of the effect of gall size on E. robusta oviposition stemmed from the idea that gall size may be taken as a predictor of habitat quality (Freese & Zwölfer, 1996) . However, Zwölfer & Arnold-Rinehart (1994) mentioned that galls parasitised by E. robusta are generally small, maybe because fly larvae are easier to reach inside smaller galls. Thus, we tested whether E. robusta preferred small galls to larger galls, or whether the galls become relatively smaller as a consequence of parasitism; E. robusta eat and replace the gall-inducing fly larvae.
Method and materials
The species
The Tephritid fly Urophora cardui induces multilocular galls on stems and shoots of the thistle Circium arvense (L.) Scop (Compositae). Galls start forming shortly after oviposition (Lalonde & Shorthouse, 1985) . One larva inhabits each cell of a multilocular gall. Urophora cardui is univoltine and hibernates as a third-instar larvae, emerging from the gall in April-May the following year. The mean number of larvae (cells) per gall is about 3.6 (Zwölfer & Arnold-Rinehart, 1994) although clutch sizes can be much higher (Freese & Zwölfer, 1996) .
The ectoparasitoid E. robusta is univoltine. Larvae hibernate in the galls and adults emerge in the spring. Eggs are laid into the developing gall on fly larvae. Eurytoma robusta is considered idiobiont, i.e., the food resource is limited to the one fly larvae attacked at oviposition (Godfray, 1994) . Knowledge of E. robusta clutch size is lacking, but H. Zwölfer (pers. comm.) observed one E. robusta laying several eggs into a gall.
Sampling
Galls were collected from mid-October to January, when fly and parasitoid larvae experience winter torpor. If possible, more than 40 galls were checked for each population. Yearly parasitism rates were investigated at four sites over a period of 4 years, from 1997 to 2000. Large scale sampling for the estimation of parasitism rates was done in 1999. Galls were sampled from 18 sites on the Jutland peninsula, ranging from Garlsdorf south of Hamburg, Germany, to north-west Jutland, Denmark (Figure 1 ). Two additional populations from Utterslev, Denmark and from Brücken in south-western Germany were included in order to study the parasitism rates of E. robusta . To check for endoparasitoids, all the larvae were allowed to pupate. Galls in the field were collected within an area of ca. 20 × 30 m at all localities, except at Videbaek (ca. 50 × 70 m) and Brücken (along a ca. 500 m path). Thus, the average density of galls and the search distance for ovipositing E. robusta was similar among patches. The lengths of the sampled quadrants were shorter than search distances typically covered by parasitoids (Jones et al., 1996) . This is important, because all analyses of parasitism and breeding structure outlined below are based on the assumption that the larvae originated from one population unit, i.e., all female parasitoids had the possibility of ovipositing in all galls within a quadrant.
Parasitoid determination
For ectoparasitoid species determination, all larvae in 1998 were allowed to metamorphose and species-specific multilocus genotypes were determined (see below). Species were verified by H. Zwölfer. Only about 70% of the larvae metamorphosed. To avoid loss of data, species determination and electrophoretic investigations in 1999 and 2000 (and previously in 1997) were carried out on larvae. The ectoparasitic species were identified according to their multilocus enzyme patterns.
Oviposition estimates inferred from direct counts were based on larval distribution (emergence) patterns. Eurytoma robusta 's preference for gall size at oviposition was investigated relative to: (i) metric gall size, and to (ii) cell number per gall, as implemented by Zwölfer & Arnold-Rinehart (1994) and Frenzel et al. (2000) . Metric gall size was measured as width × length for galls sampled in 1999 and 2000. Galls were not measured before 1999. Secondly, cell number per gall was used as a size estimator: number of fly larvae + ectoparasitoid larvae + empty cells. We used the two gall size estimators to complement each other: metric size and cell number. Estimates based on metric gall size, as the sole measure for preference, described the outcome of parasitism on gall size rather than what E. robusta perceives at the moment of oviposition (the final lignified gall is collected). Metric gall size was limited to intralocality estimates because size was linked to effects of parasite load and plant-and soil-related interactions. The cell number was less dependent of these. On the other hand, relating oviposition preference to cell number assumed that preference was a function of gall size (as shown by Lalonde & Shorthouse, 1985) , and that for interlocality analyses parasitoids judged the relative size rather than the absolute size of the galls.
Parasitism and metric gall size
Because gall size is related to the number of fly larvae per gall, and because many E. robusta eggs can only be found in galls with many fly larvae, i.e., in large galls, the potential number of E. robusta eggs per gall and gall size are correlated. Taking this correlation into consideration, we applied two methods to investigate the relationship between parasite number and gall size, hence the choice of gall. First, we tested if the presence or absence of parasitoid larvae affected mean metric gall size. We did this separately for each locality. This test only indicated whether E. robusta was associated with relatively larger or smaller galls -it did not discriminate between the cause and effect parasitism has on gall size or gall choice. Second, to specifically test for a parasitoid effect on gall size, galls were divided into classes corresponding to cell number. The parasitoid effect on metric gall size was tested by examining whether the galls actually became smaller or larger relative to the number of parasitoids within each cellclass. For example, a gall with three cells could have four degrees of parasitism, 0, 1, 2, or 3 parasitoids. If parasitoids had a negative effect on gall size (e.g., by preying on fly larvae that induced gall growth), we predicted that gall size should decrease with an increasing number of parasitoids, i.e., 0 > 1 > 2 > 3 parasitoids. This example has six possible steps with which gall size should decrease: 0 > 1, 0 > 2, 0 > 3, 1 > 2, 1 > 3, and 2 > 3. Positive steps (gall size increase) and negative steps (gall size decrease) were scored within each cell-class and summed across classes at each locality. Localities were kept separate because gall growth might be locality dependent. Significance was tested by a Wilcoxon signed rank test across localities.
Level of parasitism: parasitism probability and gall size Density may affect oviposition behaviour by, e.g., increased spacing or clumping of eggs. To check for intrasite densitydependent oviposition behaviour we grouped localities in parasitism rate-levels of 10% and tested whether the number of E. robusta per gall changed among parasitism rates. From the data it was possible to construct five 10% parasitism rate-levels, 0 -9.9%, 10 -19.9%, 20-29.9%, 30 -39.9%, and 60 -69.9%. In the following analyses, each parasitism rate-level was analysed separately. For each parasitism rate-level, the number of E. robusta larvae per gall was tested for deviation from random, Poisson distributions, applying Kolmogorov-Smirnov tests. Hereafter we tested whether the number of E. robusta larvae per gall differed between parasitism rate-levels. Table 1 .
Distributions were tested with the G-test. A minimum number of three expected observations (larvae per gall per cell-class) were taken as a basic test requirement.
If E. robusta preferred small galls we expected them to be parasitised more often than large galls, independent of parasitism level. We tested this prediction by estimating the frequency of parasitised galls within each cell-class for each parasitism rate-level. The cell-classes 7 and above were pooled because of low sample size.
Next we investigated the frequency of parasitism per gall. If the E. robusta eggs were laid singly without preference for gall size we expected the parasitism frequency per gall to decrease with increasing gall size. A negative correlation was expected because parasitised galls with few cells could not have very low (intermediate) parasitism rates; e.g., a gall with one cell could only have rates of 0 or 100%. This pattern will mimic the negative density dependence of the parasitoid relative to gall size. Parasitism frequency per gall was estimated for each cell-class at every parasitism rate-level.
To assess the clumping of E. robusta larvae, we estimated the coefficient of variation (CV) in larval distributions for each cell-class.
All statistical tests mentioned above were performed with the program JMP (SAS Institute, 1995) .
Relatedness estimates
If a gall held more than one larva (in this study: 2-4 in E. robusta ; 2-10 in U. cardui ), the larvae could originate from either a single or from several females. To assess single-or multifemale origin of gall members, their relatedness was estimated using the program RELATEDNESS 4.2 (Queller & Goodnight, 1989) . Relatedness was calculated as the average population estimate as the mean over galls. Standard deviations were obtained by jackknifing over galls.
Relatedness was based on the allelic identity of group members relative to the population at large. In diploid organisms R = 0.50 for fullsibs, in haplo-diploid species R for fullsibs take the values 0.75 (sister-sister), 0.50 (brother-brother, brother-sister) and 0.25 (sister-brother). However, the estimator R > 0 can also arise as an effect of population subdivision, or from a combination of the two. R = 0 indicates that group members are not related. Inference for sibling-groups comes if the population inbreeding index F IS = 0 (Queller & Goodnight, 1989) and, for groups of diploid individuals, if the group heterozygosity is higher than expected under random mating (Rasmussen, 1979; Johannesen & Lubin, 1999) . If F IS > 0, then R > 0 may also result from non-random mating either as demic subdivision or positive assortitative mating between (unrecognised) mating-types. Because E. robusta are haplo-diploid and were analysed as larvae, they could not be sexed (a heterozygote deficit arises causing F IS > 0). This does not influence relatedness estimates, but the true population inbreeding index F IS could not be calculated. We therefore assume, conservatively, that if R > 0, gall members are related (although they may not be). This is conservative, because it neglects any effect of demic structure (which is highly unlikely when sampling is limited to 20 × 30 m) or positive assortitative mating. Inbreeding in the pedigree sense also will not bias R, unless the oviposition is demic. Conversely, if R = 0 then group members are always different, irrespective of demic structure and mating-types.
For U. cardui , relatedness estimates were performed on individuals from ten randomly chosen galls from each population. The number of analysed galls may differ among populations because if a gall contained only one fly, relatedness for this gall could not be estimated. To gain additional information on population frequencies, one individual from ten more galls were included in the analysis. For E. robusta , all individuals were included in the analysis.
Relatedness was estimated using allozyme markers. Electrophoretic analysis was done by cellulose acetate electrophoresis (Hebert & Beaton, 1993) . All tissue samples were homogenised in 50 µ l Pgm -buffer (Harris & Hopkinson, 1978) by ultrasound and centrifuged at 15 800 g for 2 min.
Six polymorphic markers were scored in U. cardui : Acon (E.C. 4.2.1.3) (three alleles), Aat (E.C. 2.6.1.1) (six alleles), G-3-pdh (E.C. 1.2.1.12) (three alleles), Hk (E.C. 2.7.1.1) (two alleles), Mdh (E.C. 1.1.1.37) (two alleles) and Pgd (E.C. 1.1.1.44) (three alleles). Three buffer systems were used: Tris-Maleic acid, pH = 7.0 (adjusted with maleic acid to pH = 7.0 from TM, pH = 7.8 (Richardson et al., 1986) ) for Aat and Pgd ; Tris-Citrate, pH = 8.2 (Richardson et al., 1986) for Acon , Mdh , and G-3-pdh ; and Tris-Glycine, pH = 8.5 (Hebert & Beaton, 1993) for Hk and Aat . Aat was run in TM pH = 7.0 to separate two alleles, which could not be resolved in TG pH = 8.5, the buffer with the otherwise better Aat allelic resolution. All enzymes were run at 250 V for 30 min, except Pgd and Aat which were run for 45 min in TM, pH = 7.0.
Three polymorphic enzymes were found in E. robusta : Aat (E.C. 2.6.1.1) (three alleles), Pgi (E.C. 5.3.1.9) (three alleles) and Pgm (E.C. 5.4.2.2) (three alleles). The diagnostic and intraspecifically monomorphic Idh (E.C. 1.1.1.42) was included for additional multilocus species identification. The enzymes Idh , Pgm , and Pgi were run in TM, pH = 7.0. Aat was run in TG pH = 8.5. All enzymes were run at 250 V for 30 min.
Results

Locality effect on gall size and species occurrences
Mean metric gall sizes and cell number differed between localities (ANOVA F 21,793 = 10.32, P < 0.001; F 26,926 = 4.59, P < 0.001), respectively. There was a positive correlation between number of larvae (fly + parasitoid) per gall and metric gall size (all galls: d.f. = 814, r 2 = 0.32, P < 0.001). All observed parasitoids in Denmark and North Germany, except one individual of an unknown endoparasitoid species, were ectoparasitoids ( Table 1) . The endoparasitoid E. serratulae was only found at Brücken, south-west Germany.
Population monitoring of E. robusta
Parasitism rates in the four populations sampled between 1997 and 2000 showed a general decline from 1997 to 1999 (Figure 2) . However, complete disappearance of E. robusta did not appear to be correlated among localities on a yearly basis. In 2000, Sørvad experienced a rebound of E. robusta. This was not observed at the two other sites (Skovsøen was almost extinct, probably because of sampling). Declining total parasitism was associated with reduced parasitism by E. robusta.
Parasitism and metric gall size
The mean metric size of parasitised galls (irrespective of the number of parasitoid larvae) was smaller than Parasitism rates in 1998 were based on all parasitoid larvae, whereas the number of each species was based on the emerged adults. The parasitism rate at Brücken includes parasitism with (in brackets) and without the endoparasitoid E. serratulae, a species not found in the northern samples.
non-parasitised galls at 11 sites, but significantly so at two localities only (t-test, Kryds 189/59, P < 0.01; Vildbjerg 99, P < 0.01). At five localities, parasitised galls were slightly, but not significantly, larger than non-parasitised galls. The observation that the mean size of parasitised galls was generally smaller, was significant across localities (Wilcoxon signed rank test, z = 2.12, P < 0.05). Specific tests for metric gall size as a function of the number of parasitoids per cell class showed that gall size was reduced significantly as a consequence of the number of ectoparasitoids (Wilcoxon signed rank, z = −4.7, P < 0.01).
Distribution of E. robusta larvae per gall relative to parasitism rate
The number of E. robusta larvae per gall did not deviate significantly from Poisson distributions at any parasitism rate-level (Kolmogorov-Smirnov tests). The number of E. robusta larvae per gall per cell-class differed significantly among all parasitism rate-levels (Gtests, P < 0.001), except between the 10 -20 and 20 -30% levels (G-test, P > 0.25). For galls holding E. robusta larvae, the mode was constant at one, but the median number per gall shifted from one to two in more heavily parasitised localities (Table 2, Figure 3 ).
Parasitism probability by E. robusta
We found no correlation between the cell number and parasitism probability at any parasitism rate-level. At the most heavily parasitised level (60 -69.9%), an almost significant positive correlation (P = 0.06) was found, indicating preferred parasitism of larger galls.
Next, to check metric gall size and the likelihood of parasitism, galls were divided into size classes of 50 mm 3 and parasitism was tested relative to gall size across all localities. There was no effect of gall size on parasitoid infection (ANOVA, F 12,797 = 0.88, P > 0.55).
The parasitism frequency per gall was correlated negatively with cell number at all parasitism rate-levels (P < 0.01), except the highest. This negative correlation (inverse density dependent) is expected if E. robusta eggs are laid without respect to gall size (cell number). At the highest parasitism rate-level (60-69.9%) there was no correlation between relative parasitism rate and the number of cells (P > 0.70).
Coefficient of variation estimates of the relative parasitism per gall produced no clear-cut results. There were no relationships for the three lowest parasitism rate-levels. There was a positive correlation for the 30 -39.9% class (P < 0.05) but a negative correlation for the 60 -69.9% class (P < 0.05). The former indicates clustered larval distributions with increased gall size, whereas the latter suggests even larval distributions as the galls become larger.
E. robusta -relatedness estimates
Relatedness of E. robusta larvae in galls with more than one larva varied between R = −0.21 and 0.66 (Table 3) . In seven populations, R was not significantly different from zero. In five populations, R was significantly greater than zero. At the two most severely parasitised localities, Vind and Esbjerg, R was not significantly different from zero, and as such there was no indication of additional individual clumping of eggs in galls with increasing parasitoid density. The Lottorf population behaved exceptionally. In only two parasitised galls, three and four E. robusta were observed, but the larvae within either gall did not appear to be related (R = −0.21).
Urophora cardui
The mean (± SD) number of cells per gall (fly larvae + parasitoid larvae + empty cells) was 3.6 ± 1.7 (range: 1-12, N galls = 970), and was identical to that reported by Zwölfer & Arnold-Rinehart (1994) . Interestingly, in the Danish Figure 2 Rates of parasitism of E. robusta at four localities over 4 years. Parasitism rates in 1998 are based on metamorphosed adults and not the actual number of parasitoids present in the population. Brücken ---17 0.08 ± 0.14 N = number of galls; R = average gall member relatedness ± SD; F = inbreeding index ± SD, for estimation of random mating within the population. F is not included for E. robusta because it was scored as diallelic. We assume nonassortative mating in E. robusta. '-' not estimated.
The average relatedness of larvae from single galls, R × 0.50 (range 0.21 and 0.67, Table 3) suggests that galls contain on average larvae from one U. cardui female, and that generally one male sires the offspring. There were no significant correlations between average relatedness of gall members and parasitism rates. A negative correlation was expected had there been a clustering response to increased parasitism.
Discussion
The distributions of E. robusta larvae suggest that E. robusta, on average, lays 1-2 eggs per egg-laying bout or, alternatively, that only one or two larvae survive from a larger clutch. Although we can not discriminate between the two possibilities, distribution and relatedness analyses indicate that if the galls have several E. robusta larva, they are often the result of oviposition by several females: (i) larvae in highly parasitised galls were not necessarily related, (ii) the modal number of eggs per gall did not change with increasing parasitism, whereas (iii) the number of larvae per gall followed Poisson (random) distributions at all parasitism rate-levels. If only one larva survived from a clutch it implied that mortality occurred in a similar manner in all galls.
We could not find a general preference for gall size in E. robusta. Preference for gall size could influence oviposition either positively as correlated to host abundance (Freese & Zwölfer, 1996) , which should favour the choice of large galls, or due to handling, which can favour the choice of smaller galls (Zwölfer & Arnold-Rinehart, 1994) . The observation that parasitised galls (within a patch) were generally smaller than non-parasitised galls, was a consequence of the parasitism itself: galls with an equal number of cells became smaller with increasing numbers of parasitoids. As this was measured independently for every cell class, and as the probability of parasitism did not differ among cell classes (also metric gall sizes), it shows that smaller galls were not necessarily preferred. Lack of preferences for gall size and the Poisson distributions of larvae per gall at all rates of parasitism suggested that the general oviposition behaviour of E. robusta was constrained and density independent at moderate (<40%) parasitism rates. This was corroborated by the inverse density dependence of the parasitism frequency per gall, which was expected if eggs were laid singly and randomly. Similar negative correlations of percentage parasitism per host abundance were found in the parasitism rate of the tephritid fly Terellia ruficauda (Williams et al., 2001) . However, parasitoids of T. ruficauda were observed more frequently near T. ruficauda on isolated host plants.
At high parasitism rates (60 -70%) there was circumstantial evidence of the acceptance of larger galls. The CV decreased with increasing gall size and the probability of parasitism increased almost significantly with gall size. This may suggest that, as parasitoid density rises, E. robusta perceive conspecifics and lay their eggs in the larger galls. Such behaviour requires that patch (gall) discrimination is not purely olfactory, but requires an estimation of gall size. The parasitoid Halticoptera laevigata, which attacks the concealed larvae of the tephritid Myoleja lucida, most likely stores visual or tactile information of previously visited fruits. Thereby, individuals reduce their search time on known fruits but are indifferent to earlier visits by conspecifics (Hoffmeister & Gienapp, 2001) .
To investigate in more detail a possible shift in oviposition behaviour by E. robusta at high levels of parasitism, one needs high-end levels which are under-represented in this study. The relatedness estimates of E. robusta at localities with the highest parasitism indicated that females space their eggs and do not respond to increased density by laying the whole clutch into a single gall. Thus, given that E. robusta perceives increased intraspecific density, it does not seem to change its egg-spacing behaviour. The finding that U. cardui gall size is locality dependent suggests that E. robusta larval distributions, and therefore egg-laying patterns, may be constrained due to the unpredictability of metric gall size caused by gall-plant interactions.
In contrast to E. robusta, U. cardui larvae within a gall in the natural habitat originate from a single female and a single male. This pattern was found consistently throughout all years and was independent of parasitism levels. This implies that the egg-laying behaviour of U. cardui is also constrained and not flexible relative to parasitoid density. Constrained host oviposition patterns have also been seen in the tephritid Terellia ruficauda, which does not appear to actively seek refuge from its parasitoids (Williams et al., 2001) . Constrained fly oviposition behaviour relative to its parasitoids may happen because larval predation is only one aspect of fly mortality (Freese & Zwölfer, 1996) , causing selection for parasitoid escape to be low if parasitism is generally low. Escape behaviour furthermore requires knowledge of the parasitoid species present, which may differ in both composition and phenology. At the among-population level, the data on distribution patterns showed that E. robusta is more patchily distributed than U. cardui, that parasitism rates declined independently in patches, and that E. robusta experienced a sudden near-extinction that was decoupled from the presence of U. cardui. These results indicate a more fragmented population structure of the parasitoid relative to U. cardui. The findings corroborate population genetic analyses which indicated that E. robusta was not only more structured than its host but also that E. robusta populations became independent of U. cardui populations at larger geographical scales (Johannesen & Seitz, in press) . How the fragmented nature of parasitoid and of host populations may affect stability requires further study, as does the question of whether the abundance of other hosts may influence E. robusta's choice of U. cardui as prey.
